Stability prediction of Cu

2+
, Ni 2+ and Zn 2+ N-salicylidene-aminoacidato complexes by models based on connectivity index 3 χ v Connectivity indices are simple, both conceptually and computationally, but they have no clear physical meaning. There were many attempts to connect them to well-defined molecular properties, like size and the shape of molecule [26, 27] , and molecular surface [28] [29] [30] , but despite very good correlations, connectivity indices cannot be identified with molecular properties [29] . The elusive nature of graph-theoretical indices makes many chemists reluctant to use these indices, despite their wide and successful application in QSPR and QSAR analysis [31] [32] [33] [34] . This also holds true for the models for the prediction of stability of coordination compounds based on them, especially for the valence molecular index of the 3 rd order, 3 χ v [18] .
Computational details
Calculation of topological indices
We calculated the topological indices using the E-DRAGON program system, developed by R. Todeschini et al. which is capable of yielding 119 topological indices in a single run, along with many other molecular descriptors [35] [36] [37] . The connectivity matrices were constructed with the aid of the Online SMILES Translator and Structure File Generator.
All of the models were developed using the 3 χ v index (the valence molecular connectivity index of the 3 rd order), which was defined as [38] [39] [40] [41] [42] [43] : 
where Z v (i) is the number of valence electrons belonging to the atom corresponding to vertex i, Z(i) is its atomic number, and H(i) is the number of hydrogen atoms attached to it. For instance, delta values for primary, secondary, tertiary, and quaternary carbon atoms are 1, 2, 3, and 4, respectively; for oxygen in OH group is equal to 5, and for NH 2 group d(N) = 3. It should be pointed out that 3 χ v is only one of many members of the family of valence connectivity indices n χ v , which differ among each other by path length, i.e. the number of d´s in the summation term, Eq. 1. The 3 χ v index for all mono-and bis-complexes was calculated from their graph representations, under the assumption that Ni(II) and Zn(II) mono-complexes are tetracoordinated, as is Cu(II) in mono-complex with salicylideneglycine and salicylidenealanine. However, Cu(II) in mono-complexes with Schiff bases of serine, phenylalanine, and tyrosine was assumed to be pentacoordinated, while a metal ion in all bis-complexes was taken as hexacoordinated ( Fig. 1) [17, [44] [45] [46] [47] [48] [49] [50] [51] [52] .
Regression calculations
Regression calculations, including the leave-one-out procedure (LOO) of cross validation, were done using the CROMRsel program [53] . The standard error of the cross validation estimate is defined as:
where ΔX and N denote cv residuals and the number of reference points, respectively.
Results and discussion
This paper is the first to correlate the 3 χ v index with the stability constants (K 1 and β 2 ) of Schiff base monoand bis-complexes (Table 1) [16] . We have developed , Ni 2+ and Zn 2+ N-salicylidene-aminoacidato complexes by models based on connectivity index 3 χ v separate models for nickel(II), copper(II), and zinc(II), as well as common models for studied metals.
The models for Ni(II) and Zn(II) are quite simple; i.e., they are univariate linear models (Models 1, 4, 7, and 8, (47)), we used the simpler, tetracoordinated model. Furthermore, Ni(II) and Zn(II) in their bis-complexes were modelled as hexacoordinated.
Assuming coordination 4 for Cu(II) in all of the studied complexes, we obtained substantially worse results (Model 2, Table 2 ). This was not surprising, because copper(II) is the strongest Lewis acid in the Irwing-Williams order [54] , with the highest coordination polyhedron plasticity [55] [56] [57] [58] [59] [60] . Cu(II) in complexes with Schiff bases is pentacoordinated [47] [48] [49] [50] [51] [52] , but in complexes with bases of glycine and alanine, whose substituents cannot interact with the water molecule in the apical position of Cu(II) coordination polyhedron (and thus, probably, cannot stabilize it), we assumed it as being effectively tetracoordinated. The new, thus obtained, model (Model 3, Table 2 , Fig. 4 ) displays remarkable statistics; R 2 = 0.999, Q 2 = 0.998, S.E. cv = 0.02, but it was obtained by excluding the salicylideneglycine complex. Inclusion of the anomalously unstable salicylideneglycine complex made the model not to be predictive at all (R 2 = 0.463, Q 2 = -0.885, S.E. cv = 0.40). We also proposed common models for the complexes of different metals. As models 1 and 4, as well as models 7 and 8, possess very similar slopes, the introduction of the indicator variable (In corresponds to log K 1 and log β 2 values of salicylidenealanine complexes, for monoand bis-complexes, respectively) enabled us to obtain common models for Ni(II) and Zn(II) (Models 5 and 9, Table 2 , Fig. 5 ): By inclusion of Cu(II) mono-complexes in Model 5, we obtained the model encompassing complexes of all three metals (Model 6, Table 2, Fig. 6 ). This yielded a satisfactory standard error, although the slope of the Model 3 differed significantly from the slopes of Models 1 and 4.
Conclusions
The models for the estimation of stability constants K 1 and β 2 of Ni(II), Cu(II), and Zn(II) N-salicylideneaminoacidato complexes were developed from their 3 χ v index. Apart from models for different metals, we also proposed common models for two or three metals. All of the models yielded results of satisfactory quality. Unfortunately, we were not able to validate our regressions using an external data set due to a lack For Ni(II) and Zn(II) complexes, the 3 χ v index was calculated directly from the graphs of the complexes, assuming the metals are tetracoordinated. However, such a simple approach cannot be applied for copper(II) complexes. In contrast to nickel(II) and zinc(II), copper(II) has a very plastic coordination [55] [56] [57] , which is manifested in its variable coordination number (4-6), a variety of copper(II) coordination polyhedra (tetrahedron, square, square pyramid, trigonal bipyramid), and particularly in the distortion of these polyhedra [58] [59] [60] . From another point, the ligands studied in this paper can be divided into three classes: symmetrical (Salgly), asymmetrical (Salala), and asymmetrical with a bulky substituent capable to interact with the apical position of the copper(II) square pyramid (Salser, Salphe, Saltyr).
As the most usual coordination of copper(II) complexes with amino acids and their Schiff bases with salicylaldehyde and similar aromatic aldehydes is square-pyramidal [47] [48] [49] [50] [51] [52] , this coordination should also be proposed for the complexes of Salala (effectively tetracoordinated), Salser, Salphe, and Saltyr.
Anomalously low log K 1 of copper(II) complex with Salgly should be, however, tentatively attributed to its trigonal-pyramidal coordination, which is reasonably common for copper(II) complexes with terdentate Schiff bases [61, 62] . This hypothesis is confirmed by the VSEPR theory, which states that structures always tend to form the most symmetrical coordination, i.e., trigonal-bipyramidal in the case of Cu(Salgly)(H 2 O) 2 . Ab initio calculations on an analogous compound, diaqua copper(II) complex with the condensation product of glycine and 3-hydroxypropanal, did not yield a distorted square pyramid but a distorted trigonal bipyramid [63] (Addison parameter [64] , τ = 0.35). Unfortunately, this theoretical result cannot be confirmed by the crystal structure of Cu(Salgly)(H 2 O) 2 , whose Addison parameter (τ = 0.11) was smaller than the parameter of threoCu(Saltrp)(H 2 O) 2 (τ = 0.20) [63, 65] .
